Introduction {#s0001}
============

Calcium silicate cements including mineral trioxide aggregates (MTA) are widely used in endodontic treatments. Calcium silicate cements have demonstrated apatite formation in physiological-like liquid,\[[@CIT0001],[@CIT0002]\] superior sealing \[[@CIT0003]\] and favorable bacteriostatic effect.\[[@CIT0004]\] However, long setting time of MTA,\[[@CIT0005]\] poor handling characteristics,\[[@CIT0006]\] and the wash-out risk upon contact with liquid limit the practical usage in tooth crown.\[[@CIT0007]\] Efforts have been made to shorten the setting time by adding different setting accelerators such as Na~2~HPO~4~,\[[@CIT0008]\] calcium lactate gluconate,\[[@CIT0006]\] and calcium chloride \[[@CIT0005],[@CIT0009]\] even in expense of mechanical properties.\[[@CIT0005],[@CIT0010]\]

Calcium silicate cements are hydrophilic powders, which mix with water and set superiorly in humid condition in contrast to glass ionomers, which requires protection against excessive humidity during setting.\[[@CIT0011]\] The hydration products of calcium silicate cements are mainly calcium hydroxide (CH) and calcium silicate hydrate.\[[@CIT0012]\] The high CH release reacts with available phosphate ions in physiological and biological environment, which forms calcium phosphate precipitations including apatite.\[[@CIT0002]\] Long-term apatite formation on a material surface in simulated body fluid has been suggested to have favorable clinical effects.\[[@CIT0013]\]

A novel fast-setting hydrophilic calcium silicate cement with fluoride called 'Protooth' has been developed to support mineralization. The novel cement is a candidate material for potential application similar to Dycal, IRM, glass ionomers, and zinc phosphate cement. Protooth consistency for usages can be changed according to the potential applications. The setting time of Protooth according to consistency is in the range of 4--10 minutes. Taken together, Protooth is a candidate dental material with potential preventive applications including cementation, cavity lining, traumatic tooth treatment, and endodontic complication. The aim of this study was to evaluate the surface apatite-forming ability of Protooth as a function of fluoride content and immersion time in phosphate-buffered saline (PBS).

Material and methods {#s0002}
====================

Sample preparation {#s0003}
------------------

A novel calcium silicate cement (Protooth™, Dentosolve, Aarhus, Denmark) is comprised of tricalcium silicate, dicalcium silicate, tricalcium aluminate, calcium sulfate, fluoride, nanosilica, and radiopaque additive. The mixing liquid is water with 2% polycarboxylic acid as superplasticizer in order to enhance particle hydration and improve the mechanical properties.

Three cement compositions were tested in this study ([Table 1](#t0001){ref-type="table"}): Protooth comprising 3.5% and 10% zirconium oxide as radiocontrast additive at creamy consisteny (8--10 min setting time), (ii) ultrafast Protooth with marginal calcium sulfate/aluminate ratio adjustment providing ultrafast setting time (1½ to 2 min) at flowable consistency with 3.5% fluoride, 20% zirconium oxide, and (iii) high fluoride Protooth at clay condensable consistency (8--10 min setting time)with 15% fluoride (9% strontium fluoride) and 16% bismuth oxide.

###### 

Protooth compositions.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Additives to CSA cement[^a^](#TF1){ref-type="table-fn"} (wt.%)   Fluoride[^b^](#TF2){ref-type="table-fn"}   Radiocontrast                    Nano-SiO~2~   Hydration liquid(μl/g powder)   Consistency   Setting time (min)
  ---------------------------------------------------------------- ------------------------------------------ -------------------------------- ------------- ------------------------------- ------------- ----------------------------
  Protooth                                                         3.5%                                       10% ZrO~2~                       \+            190                             Creamy        Clay consistency: 4 − 6\
                                                                                                                                                                                                           Creamy consistency: 8 − 10

  Ultrafast Protooth                                               3.5%                                       20% ZrO~2~                       \+            195                             Creamy        1½−2

  High fluoride Protooth                                           15%                                        25%(16% Bi~2~O~3~ + 9% SrF~2~)   −             210                             Clay-like     8 − 10
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CSA composition: tricalcium silicate, dicalcium silicate, Al~2~O~3~\<5% (tricalcium aluminate \>7%), calcium sulfate \<3%, Other components incl. F, PO4. Patent Pub. No.: WO 2011/023199.

In all Protooth compositions with 3.5% fluoride additive hereof 1% fluoride was SrF~2~, which also contributes as extra radiocontrast.

In high fluoride Protooth composition with 25% radiocontrast additive hereof 9% was SrF~2~, which also contributes as fluoride additive.

One gram of each powder in different powder-to-liquid ratio was cap-mixed (CapMix™, 3M, ESPE, Seefeld, Germany) with hydration liquid for 20 seconds. After mixing, the paste was dispensed onto a plate and manually mixed briefly on glass slab to homogenize the slurry. Pastes were filled into molds with 6 mm diameter and 2 mm height with the exposed area of 28.26 mm^2^. A total of 12 samples for each group were prepared (*n* = 3 per each time point). Each sample was immersed individually in a closed container with 10 ml PBS (PBS; 136.4 mmol/L NaCl, 2.7 mmol/L KCl, 8.2 mmol/L NaH~2~PO~4~, and 1.25 mmol/L KH~2~PO~4~ in 1000 mL of distilled water; pH 7.4). Samples were stored at 37 °C in an incubator for 1, 7, 28, and 56 days. PBS was refreshed every 7 days to replenish the phosphate ions.

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM/EDX) {#s0004}
-------------------------------------------------------------------------------

The surface changes of sample ultrastructure and morphology were examined with a scanning electron microscope (SEM, CamScan, MaXim 2000, Cambridge, UK) equipped with a secondary electron detector for imaging using an accelerating voltage of 10--20 kV and an EDAX Energy Dispersive System for X-ray analysis using an accelerating voltage of 10 kV. Prior to the SEM/EDX analysis, samples were dried in a desiccator at room temperature. Subsequently, samples were mounted on an aluminum stub and a thin carbon layer was sputter onto the samples surface.

Raman spectroscopy {#s0005}
------------------

Raman spectra were collected using a Witec Confocal Raman Microscope System alpha 300R (Witec Inc., Ulm, Germany). Excitation in the confocal Raman microscopy is assured by a double frequency Nd:YAG laser 532 nm (Newport, Evry, France). The incident laser beam is focused onto the sample through a 20× NIKON objective (Nikon, Tokyo, Japan). Data acquisition is performed using Image Plus software from Witec.

Spectra were acquainted on five different areas of the sample of each group. The acquisition time was 90 s. Fresh samples of set cement without PBS immersion were used as control. The apatite intensity was calculated as apatite/belite assigned peak height ratio using a spectral software analysis (WITec Project version 2.06, Witec, Germany).

The data were analyzed by one-way ANOVA (analysis of variance) following Tukey's HSD *post hoc* pairwise comparisons at the significance level of 0.05 using IBM SPSS Statistics 21.0 statistical software.

Results {#s0006}
=======

SEM/EDX analysis of Protooth and ultrafast Protooth {#s0007}
---------------------------------------------------

SEM analyses revealed surface precipitate with ultrastructure and morphology changes corresponding to the immersion time in PBS. After 1 day, we observed the formation of spherical and globular precipitates with acicular crystallites (spike-like structure) peripherally and over the samples surface in Protooth ([Figure 1](#F0001){ref-type="fig"}) and ultrafast Protooth ([Figure 2](#F0002){ref-type="fig"}). After 7 days, more globular precipitations homogenously covered the surface in both groups ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). After 28 days, the deposition layer thickened and appeared significantly more dense in structure with petal-like morphology, which were followed by more compact and voluminous petal-like depositions after 56 days ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). EDX analysis revealed the presence of mainly calcium and phosphorus ions in the precipitations indicating the formation of calcium phosphate depositions since day one. Interestingly, heavy atomic strontium peak was visible in EDX spectra from day 1 to day 56, which can be ascribed to the contribution of strontium ions released by strontium fluoride from the cement. Released fluoride ions with less atomic weight were not detectable in EDX spectra.

![Representative morphologic characterization of precipitations formed over Protooth surface immersed in PBS during 56 days. EDX spectrum was obtained from the precipitates in the field of view. Semiquantitative chemical composition presented in the table shows their Ca/P molar ratio.](iabo_a_1178583_f0001_c){#F0001}

![Representative morphologic characterization of precipitations formed over ultrafast Protooth surface immersed in PBS during 56 days. EDX spectrum was obtained from the precipitates in the field of view. Semiquantitative chemical composition presented in the table shows their Ca/P molar ratio.](iabo_a_1178583_f0002_c){#F0002}

Ca/P molar ratio of deposition in the field of view in Protooth ([Figure 1](#F0001){ref-type="fig"}) and ultrafast Protooth ([Figure 2](#F0002){ref-type="fig"}) after 1 day of aging were 2.21 and 2.12, respectively, decreasing to 1.66 in Protooth and 1.7 in ultrafast Protooth groups for precipitations after 56 days.

SEM/EDX analysis of high fluoride Protooth {#s0008}
------------------------------------------

Precipitations in the form of globular aggregates with both acicular and smooth morphology were observed after 1-day immersion in PBS ([Figure 3](#F0003){ref-type="fig"}). After 7 days, the entire surface was covered with small globular depositions that homogeneously covered the cement surface ([Figure 3](#F0003){ref-type="fig"}). The compact lath-like precipitations ([Figure 3](#F0003){ref-type="fig"}) was formed after 28 days. Compact and denser lath-like depositions continued progressively to form over the surface after 56 days ([Figure 3](#F0003){ref-type="fig"}). EDX analysis illustrated majorly calcium and phosphorus ion supporting the formation of calcium phosphate. Strontium peaks in precipitations, presumably corresponding to the dissolution of 9% strontium fluoride addition, were visible in EDX spectra in all study time pints. Fluoride was not detected in EDX. Ca/P molar ratio of precipitations decreased from 2.24 on day 1 to 1.75 on day 56 corresponding to the representative micrograph in [Figure 3](#F0003){ref-type="fig"} for the field of view.

![Representative morphologic characterization of precipitations formed over high fluoride Protooth surface immersed in PBS during 56 days. EDX spectrum was obtained from the precipitates in the field of view. Semiquantitative chemical composition presented in the table shows their Ca/P molar ratio.](iabo_a_1178583_f0003_c){#F0003}

Raman analysis {#s0009}
--------------

The acquired Raman spectra from the surfaces showed chemical changes when comparing freshly set Protooth to samples after immersion in PBS for 56 days. Raman band assignments were made in accordance with the reported bands in the literature.\[[@CIT0014]\] The representative Raman spectra are shown for tested cements in [Figure 4(a--c)](#F0004){ref-type="fig"}. The intensity ratio of apatite/belite (I~965~/I~860~) was calculated as an indicator of apatite precipitations thickness ([Figure 4(d)](#F0004){ref-type="fig"}). [Table 2](#t0002){ref-type="table"} reports the wavenumbers and assignments of the vibrational bands corresponding to the apatite deposition on the sample surface after 56-day immersion in PBS.

![Representative Raman spectra recorded on the surface of Protooth (a), ultrafast Protooth (b), and high fluoride Protooth (c) as the function of immersion time in PBS. The corresponding bands to apatite has been indicated with Ap and C-Ap (β-type carbonated apatite). I~965~/I~860~intensity ratio (apatite/belite) obtained from the spectra recorded on the surface of all Protooth compositions immersed in PBS as a function of time (d). A higher intensity ratio is related to thicker apatite deposition. \* denotes a significant difference between Protooth and high fluoride Protooth at each time point. § denotes a significant difference between ultrafast Protooth and high fluoride Protooth at each time point. All cements showed statistically significant increase after 56 days compared to day 1 (*p* \< 0.0001).](iabo_a_1178583_f0004_c){#F0004}

###### 

Raman shift wavenumbers (cm^−1^) and bands assignments of apatite recorded on the surface of the cements after 56 days.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Wavenumber (cm^−1^)   Vibrational mode                         Crystal phase               Cement
  --------------------- ---------------------------------------- --------------------------- ---------------------------------------------------------------------------------
  1077                  *ν*~1~ CO~3~^2-^symmetric stretching     β-type carbonated apatite   Protooth\
                                                                                             Ultrafast Protooth\
                                                                                             High fluoride Protooth

  1048                  *ν*~3~ PO~4~^3-^ asymmetric stretching   Apatite                     Protooth\
                                                                                             Ultrafast Protooth\
                                                                                             High fluoride Protooth

  1022                  *ν*~3~ PO~4~^3-^ asymmetric stretching   Apatite                     Protooth\
                                                                                             Ultrafast Protooth\
                                                                                             High fluoride Protooth

  965                   *ν*~1~ PO~4~^3-^ symmetric stretching    Apatite                     Protooth\
                                                                                             Ultrafast Protooth\
                                                                                             High fluoride Protooth

  609                   *ν*~4~ PO~4~^3-^ bending                 Apatite                     High fluoride (superimposed with zirconium oxide\
                                                                                              in Protooth and ultrafast Protooth)

  592                   *ν*~4~ PO~4~^3-^ bending                 Apatite                     High fluoride (superimposed with zirconium oxide\
                                                                                              in Protooth and ultrafast Protooth)

  580                   *ν*~4~ PO~4~^3-^ bending                 Apatite                     High fluoride (superimposed with zirconium oxide\
                                                                                              in Protooth and ultrafast Protooth)

  435                   *ν*~2~ PO~4~^3-^ bending                 Apatite                     Protooth\
                                                                                             Ultrafast Protooth (superimposed with bismuth oxide in high fluoride  Protooth)
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Raman analysis of Protooth and ultrafast Protooth {#s0010}
-------------------------------------------------

Acquired Raman spectra for Protooth and ultrafast Protooth were almost similar ([Figure 4(a) and (b)](#F0004){ref-type="fig"}). A representative spectrum of Protooth and ultrafast Protooth surface characterization is shown in [Figure 4(a and b)](#F0004){ref-type="fig"}, respectively. The recorded spectra from set Protooth and ultrafast Protooth samples disclosed a range of bands from 180 cm^−1^ to 638 cm^−1^ assigned to monoclinic zirconium oxide (180, 192, 224, 280, 308, 335, 349, 384, 455, 477, 503, 513, 539, 561, 590, 618, and 638 cm^−1^). Bands of anhydrite (1019 cm^−1^ attributed to *ν* ~1~ SO~4~ ^2-^), alite (848 cm^−1^, *ν* ~1~ SiO~4~ ^4-^), belite (848 cm^−1^ and 860 cm^−1^ assigned to *ν* ~1~ SiO~4~ ^4-^), and calcium carbonate in the form of calcite and/or aragonite (1090 cm^−1^, *ν* ~1~ CO~3~ ^2-^ stretching mode) was detectable for set materials. The presence of Raman band at 970 cm^−1^ attributed to the *ν* ~1~ PO~4~ ^3-^ from the set cement supports the presence of phosphate in the composition of Protooth and ultrafast Protooth. After 1 day, the band at 965 cm^−1^, assigned to the *ν* ~1~ stretching mode of PO~4~ ^3-^ was found over the cement surface. The presence of this band suggests the formation of an apatite layer on the sample surface.\[[@CIT0014],[@CIT0016]\] The intensity of alite in respect to belite has been decreased due to faster hydration rate of alite.\[[@CIT0018]\] The other cements bands for zirconium oxide, calcium carbonate, and anhydrite were still detectable.

After 7 days, bands of calcium carbonate and anhydrite were dimmed. The intensity of apatite band at 965 cm^−1^ was increased in respect to belite band (860 cm^−1^). New Raman shift at 435 cm^−1^ assigned to *ν* ~2~ PO~4~ ^3-^ bending mode was visible. Appearance of small peaks at the range of 1022 to 1080 cm^−1^ ascribed to *ν* ~3~ PO~4~ ^3-^ asymmetric stretching mode \[[@CIT0019]\] in ultrafast Protooth was observed.

After 28 days, thickened superficial apatite layer exhibited a more intense band of PO~4~ ^3-^ at 435 and 965 cm^−1^ in respect to cement bend (belite). Bands associated with alite and anhydrite became weaker and disappeared. We found the bands at the range of 1022--1080 cm^−1^ with peaks at 1022, 1048, and 1077 cm^−1^ ascribed to *ν* ~3~ PO~4~ ^3-^ asymmetric stretching mode. The peak at 1077 cm^−1^ has been assigned to either the phosphate *ν* ~3~ mode or the carbonate *ν* ~1~ mode or both. Hence, the pattern of Raman bands after 28 days supported the formation of β-type carbonated apatite on the Protooth and ultrafast Protooth surface. The same peaks at 435, 965, 1022, 1048, and 1077 cm^−1^ with a higher intensity in respect to belite were detected on day 56, which suggest the progressive and thicker superficial apatite layer formation. Note that because of ZrO~2~ Raman bands superimposition, the bands for *ν* ~4~ PO~4~ ^3-^ bending mode of apatite at the range of 590--610 cm^−1^ was not detectable.

Raman analysis of high fluoride Protooth {#s0011}
----------------------------------------

Raman spectra in high fluoride Protooth revealed different radiocontrast element in comparison to Protooth and ultrafast Protooth ([Figure 4(c)](#F0004){ref-type="fig"}). Raman shifts at 189, 214, 280, 295, 318, 409, and 452 cm^−1^ affirmed the presence of bismuth oxide in high fluoride Protooth composition. Raman shifts detected alite and belite at 526 and 540 cm^−1^ assigned to *ν* ~4~ SiO~4~ ^4-^, 836 and 848 cm^−1^ assigned to *ν* ~1~ SiO~4~ ^4-^. An intense marker peak of monoclinic belite at 860 cm^−1^ attributed to *ν* ~1~ SiO~4~ ^4-^ were also found in set high fluoride Protooth. Calcium carbonate (calcite and/or aragonite) and anhydrite were identified by peaks at 1090 cm^−1^ (*ν* ~1~ CO~3~ ^2-^ stretching mode) and 1019 cm^−1^ (*ν* ~1~ SO~4~ ^2-^ stretching mode), respectively.

The intensity of band assigned to alite, calcite, and anhydrite were decreased with respect to belite after 1 day. Appearance of bands at 592 cm^−1^ assigned to *ν* ~4~ PO~4~ ^3-^ bending mode and 965 cm^−1^ assigned to the *ν* ~1~ PO~4~ ^3-^ stretching mode of phosphate, suggested the formation of superficial apatite layer. Vaterite symmetric stretching mode (*ν* ~1~ CO~3~ ^2-^) was observed at 1075 cm^−1^. After 7 days, increased intensity of bands associated with apatite, accompanied by the rise of the band at 1077 cm^−1^ ascribed to phosphate and carbonate group support the formation of β-type carbonate apatite. In Raman spectra, a small shoulder at 1090 cm^−1^ from calcium carbonate was still detectable but anhydrite was not detectable after 7 days. Bands at 580 and 609 cm^−1^ assigned to *ν* ~4~ PO~4~ ^3-^ and 1022 and 1048 cm^−1^ assigned to *ν* ~3~ PO~4~ ^3-^ bending mode were disclosed after 28 days. The peaks for anhydrite, calcite and/or aragonite, and alite were not visible. The intensity of apatite bands (580, 591, 609, 965, 1022, 1045, and 1077 cm^−1^) were raised with respect to belite (860 cm^−1^) after 56 days. Because of bismuth oxide Raman shift superimposition within the range of 189 to 455 cm^−1^, *ν* ~2~ PO~4~ ^3-^ of apatite was not detectable in high fluoride Protooth.

The Raman peak intensity ratio between apatite (965 cm^−1^) to belite (860 cm^−1^), which has been considered as indicator for apatite formation thickness, revealed the progressive increase in this ratio in all Protooth compositions. All cements showed significant increase following immersion in PBS after 56 days compared to 1-day precipitations (*p* \< 0.0001), suggesting thicker apatite formation on the surface of all Protooth compositions as the function of time in PBS ([Figure 4(d)](#F0004){ref-type="fig"}). Ultrafast Protooth had higher apatite/belite ratio in comparison with Protooth only on 1-day precipitations (*p* = 0.004). High fluoride Protooth showed significantly higher apatite/belite ratio against Protooth at all study time points and against ultrafast Protooth after 28 and 56 days, suggesting thicker apatite deposition over high fluoride Protooth.

Discussion {#s0012}
==========

This study demonstrated that a novel fast-setting calcium silicate cement (Protooth) can form a superficial apatite layer after immersion in PBS. The privileged success and performance of MTA is attributed to form superficial bone-like apatite layer in contact with a physiological-like solution.\[[@CIT0001],[@CIT0002]\] The hydration reaction of calcium silicate (dicalcium and tricalcium silicate) with considerable amount of calcium oxide groups in the cement composition results in CH release and pH rise.\[[@CIT0012]\] The substantial release of Ca^2+^and OH^−^ ions in solution with a high amount of phosphate, as in physiological liquids, cause supersaturation with respect to apatite, which ultimately precipitates in the presence of nucleation site.\[[@CIT0022]\] Fluoride-doped calcium silicate cement has demonstrated accelerated superficial apatite formation with the earlier formation of fluorapatite.\[[@CIT0023]\] Silanol groups in calcium silicate hydrate gel can act as a nucleation site for calcium phosphate precipitations in calcium silicate cement.\[[@CIT0024],[@CIT0025]\] Formation of amorphous calcium phosphate as apatite precursor undergoes phase transformation into carbonated apatite over time.\[[@CIT0026]\]

We used Raman spectroscopy as a complementary method to SEM/EDX to assess the formed precipitations on the surface of Protooth throughout the experiment time to elicit the chemical composition of unique phases. The usability and reliability of Raman spectroscopy for apatite characterization has been demonstrated in several studies.\[[@CIT0016],[@CIT0017],[@CIT0027]\] In this study, we compared three different Protooth compositions with various radiocontrast and fluoride content.

All Protooth compositions showed the formation of calcium phosphate precipitations (apatite) after 1 day immersing in PBS. The formed apatite layer in ultrafast Protooth was in average higher, with no significant difference, in apatite-to-belite Raman peak intensity ratio in comparison with Protooth after 56 days ([Figure 4(d)](#F0004){ref-type="fig"}). The solubility of calcium silicate cement with the same liquid-to-powder ratio can increase as the function of radiocontrast.\[[@CIT0028]\] On the other hand, the concentration of released and accessible ions influence the nucleation and precipitation of apatite.\[[@CIT0029]\] Thus, it can be speculated that slightly more ions can be released from ultrafast Protooth rather than Protooth, which may explain the higher apatite-forming ability of ultrafast Protooth. However, elevated additive material causes reduction in cement quantity. Further study to address the solubility and ion release of Protooth are needed.

Precipitations on the three Protooth compositions showed Ca/P ratio above 2 after 1 day because of calcium carbonate formation (Raman band at 1090 cm^−1^) in the form of calcite and/or aragonite.\[[@CIT0016]\] Calcium carbonate can form because of calcium ions reaction with environmental carbonate ions. After 7 days, calcium carbonate was not detectable in Raman (except in high fluoride Protooth), which caused drop at Ca/P ratio in EDX spectra revealing Ca-poor apatite \[[@CIT0030]\] over the surface of Protooth and ultrafast Protooth. Ca/P ratio in EDX spectra and appearance of other phosphate vibrational modes in Raman spectra particularly band at 1077 cm^−1^ can support the formation of β-type carbonated apatite in all groups after 28 days. It has been well-documented that presence of Raman band at 1077 cm^−1^ is the marker band for β-type carbonated apatite in Raman spectra.\[[@CIT0014],[@CIT0017],[@CIT0027]\] Carbonated apatite represents the mineral phase of hard tissues such as bone, cementum, and dentin and is known as a biologic apatite.\[[@CIT0001]\] Protooth compositions possessed more compact and voluminous deposition in morphology after 56 days compared to precipitations after 1 day. Our findings are consistent with other studies showing that more compact calcium phosphate structures were prominent after longer time in PBS. Compact precipitation structures possess higher Ca/P ratio in comparison with needle-like and acicular calcium phosphate deposits.\[[@CIT0001],[@CIT0031],[@CIT0032]\]

Raman spectra of set Protooth and ultrafast Protooth, disclosed the presence of phosphate phase (Raman band at 970 cm^−1^) in the composition of the set cement. Phosphate groups with negatively charged over the cement surface can act as a nucleation site to improve and accelerate the kinetics of apatite formation.\[[@CIT0030]\]

In this study, high fluoride Protooth showed significantly higher apatite-to-belite Raman peak intensity ratio after 28 and 56 days compared to other two compositions ([Figure 4(d)](#F0004){ref-type="fig"}). Higher radiocontrast and fluoride content may cause higher solubility and higher ion release from high fluoride Protooth, which can enhance the apatite formation. Gandolfi et al.\[[@CIT0023]\] assessed the apatite formation ability of fluoride-containing calcium silicate cements. They concluded that presence of fluoride in the composition of the cement increases the apatite-forming ability and additionally lead to the formation of fluorapatite. F-substituted apatite can act as a new nucleation site for apatite layer by incorporation of Ca^2+^, PO~4~ ^3-^, and F^−^ ions. Fluoride is the most electronegative element, and it has a strong affinity for exchange with hydroxyl ion in hydroxyapatite.\[[@CIT0033]\] Fluoride ion substitution modifies the structure or crystal lattice and reduces the dissolution properties of apatite. The lower solubility of fluorapatite compared to hydroxyapatite enhances the tooth structure mineral resistance against caries in an acidic pH.\[[@CIT0034]\] Fluoride ions at the tooth surface even at low concentrations have been shown to interfere with the initiation and progression of caries lesions. When pH in dental plaque drops below critical pH (c.a 5.5), apatite mineralization and remineralization process can take place in the presence of fluoride ions. So, fluoride ions can enhance the mineralization and remineralization process.\[[@CIT0035]\] Long-term fluoride ions release from Protooth compositions has been measured at the ppm level (unpublished data). Detection of fluoride substituted apatite or fluorapatite was not possible in this study. The sensitivity of EDX and Raman spectroscopy in the detection of the fluoridation degree of apatite deposit particularly in low concentration may explain the methodological limitation of the study.\[[@CIT0023]\] Partially fluoridated hydroxyapatite, with the substitution of OH^−^ with F^−^, has almost similar Raman spectra as hydroxyapatite.\[[@CIT0036]\] Other complementary characteristic methods are needed to investigate the influence of fluoride presence on precipitation.

Interestingly, our acquired EDX spectra in all Protooth compositions revealed the presence of heavy strontium atoms with high signal over the samples surface precipitations. This is indicating that strontium ions from strontium fluoride in Protooth compositions have been released and redistributed. The strontium EDX peak was detectable over cement surface, which may suggest the substitution of Ca^2+^ions by strontium in the composition of superficial apatite.

The apatite-forming ability of dental material may be considered as a basis and indicator for the biocompatibility of biomaterials.\[[@CIT0022]\] Superficial apatite formation may introduce a suitable surface for cells that can stimulate odontoblast-like cells.\[[@CIT0037],[@CIT0038]\] Apatite formation can also be favorable in term of remineralizing the adjacent dentin through the intrafibrillar deposition of apatite crystals \[[@CIT0039]\] and increase the material bonding to dentin.\[[@CIT0040]\] Furthermore, apatite precipitation can form inside the dentinal tubules along the material--dentin interface \[[@CIT0001]\] and improve the sealing potential,\[[@CIT0003]\] which may address the advantageous clinical performance of calcium silicate cement.

The hydrophilic nature of the novel calcium silicate cement (Protooth) in contrast to the humidity sensitive dental materials like glass ionomers may be an advantage in challenging humid conditions in the oral cavity. The release of ions from Protooth, which as shown in this study can support apatite formation, may also support mineralization or remineralization in tooth structure. This could be relevant for clinical caries control aspects in preventive dentistry.

The results of the present study suggest that all Protooth compositions possess the ability to form apatite precipitation in PBS. The formed apatite layer in all Protooth groups can thicken as the function of time. High fluoride Protooth can form thicker apatite precipitations. Further studies regarding biocompatibility and dentin/enamel remineralization ability of Protooth seem relevant.
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